It is well known that a wake will develop downstream of a tidal stream turbine owing to extraction of axial momentum across the rotor plane. To select a suitable layout for an array of horizontal axis tidal stream turbines, it is important to understand the extent and structure of the wakes of each turbine. Studies of wind turbines and isolated tidal stream turbines have shown that the velocity reduction in the wake of a single device is a function of the rotor operating state (specifically thrust), and that the rate of recovery of wake velocity is dependent on mixing between the wake and the surrounding flow. For an unbounded flow, the velocity of the surrounding flow is similar to that of the incident flow. However, the velocity of the surrounding flow will be increased by the presence of bounding surfaces formed by the bed and free surface, and by the wake of adjacent devices. This paper presents the results of an experimental study investigating the influence of such bounding surfaces on the structure of the wake of tidal stream turbines.
It is well known that a wake will develop downstream of a tidal stream turbine owing to extraction of axial momentum across the rotor plane. To select a suitable layout for an array of horizontal axis tidal stream turbines, it is important to understand the extent and structure of the wakes of each turbine. Studies of wind turbines and isolated tidal stream turbines have shown that the velocity reduction in the wake of a single device is a function of the rotor operating state (specifically thrust), and that the rate of recovery of wake velocity is dependent on mixing between the wake and the surrounding flow. For an unbounded flow, the velocity of the surrounding flow is similar to that of the incident flow. However, the velocity of the surrounding flow will be increased by the presence of bounding surfaces formed by the bed and free surface, and by the wake of adjacent devices. This paper presents the results of an experimental study investigating the influence of such bounding surfaces on the structure of the wake of tidal stream turbines.
Background
Commercial scale tidal turbine arrays are expected to be located in areas where the depth of water varies between 1.5 and 3 turbine diameters (D) and the lateral distance between rotors varies between 1.5 and 5D. Thus, blockage ratios are between 5 and 34 per cent based on the swept area of the rotor and the cross section of the channel. It is therefore important to understand the effect that bounding surfaces, at similar proximity, have on turbine performance. Owing to the relatively small areas available for tidal stream farms, longitudinal spacing of turbines may also be small. It is, therefore, important to understand the extent of wake recovery and wake expansion downstream of each row of turbines, so that the incident flow on subsequent rotors can be determined. Various theoretical studies [1, 2] have been conducted into the effects of blockage on turbines, including those taking consideration of the free surface [2] . The flow velocity in the bypass region around the turbine (and hence the wake) will be increased owing to the restriction of bounding by the bed, free surface and the wake of adjacent turbines. This leads to a change in the velocity deficit compared with the same rotor operating in an unbounded flow, which in turn will have an impact on the rate of mixing between the wake and the bypass flow and the resulting wake recovery length scales.
Several experimental studies have been conducted of flow downstream of a single mechanical rotor [3, 4] , or a stationary porous disc that imposes similar resistance to the flow [5, 6] . In each of these studies, the ambient flow conditions, ratio of rotor (or disc) diameter to flume dimensions and the operating point of the rotor differ, but there are similarities between the wake structures. Measurements along the wake centreline indicate that a velocity deficit persists for more than 20D downstream [5] . In the horizontal plane, the velocity deficit downstream of a rotor follows a symmetric profile that expands downstream. This is analogous to the axisymmetric form of wind-turbine wakes. However, the presence of a free surface and rigid bed causes asymmetry of the vertical profile owing to different flow velocities above and below the wake. Although some experimental data exists for the wake of a single tidal stream rotor, limited data is available concerning the wakes of multiple tidal stream rotors. Scale model mechanical rotors have been employed to obtain experimental measurements of the wakes generated by small arrays of wind turbines [7] . Recently, scale model mesh disc simulators have been employed to conduct an experimental study of the wakes of small arrays of tidal stream turbines [8] , including an investigation of the variation of wake velocity and thrust coefficient with lateral spacing.
Experimental study of wake recovery under different bounding conditions requires that all of the following are equivalent to full scale:
-momentum extraction and mixing processes; -flow kinematics (mean and fluctuating velocity profiles); and -geometry of the wake (depth ratio, length scales).
Free-surface effects should also be similar, and it is preferable to use a wide channel to avoid bounding by the sidewalls. The experimental equipment used to satisfy these requirements is detailed in §2. A summary of the effect of lateral spacing on wake recovery and structure owing only to current is given in §3, and the effect of waves on wake recovery is briefly considered in §4.
Test equipment and procedure
The mean and fluctuating components of velocity have been measured downstream of several groups of three-bladed tidal stream turbines. Most measurements were obtained for the same rotor operating point and inflow conditions, such that the effect of lateral spacing on both rotor thrust coefficient and rotor wake can be quantified. The diameter of each rotor is D = 270 mm, the water depth is 450 mm and the mean velocity is 0.47 cm s −1 (see §2c). At 1:70th geometric scaling, these experiments represent a turbine of diameter 19 m in water depth of 31.5 m and, applying Froude scaling, a mean incident flow velocity of 3.76 m s −1 . The intention of these experiments is to compare the structure of the wake of an isolated rotor with the wake of a rotor located within a group or array. Experimental measurements have been obtained for up to three rows of devices. The lateral spacing between rotors is in the range 1.5-3D measured centre-to-centre between adjacent rotors. The longitudinal spacing between rows is in the range 4-10D, and both staggered and aligned configurations have been considered. All single-and double-row configurations studied are listed in the interval 1.5D < x < 20D downstream of the rotor plane, with a detailed study of the wake structure conducted across vertical cross sections (Y-Z plane) at x = 2D, 4D and ordinates of interest up to 12D downstream.
(b) Flow measurement
Time-varying velocity components (u x , u y , u z ) are measured using NORTEK acoustic doppler velocimeter (ADV) Vectrino+ probes. Mean velocity components (U x , U y , U z ), and turbulence intensities are subsequently obtained. The probes are orientated with their local x-axis aligned with the global X-axis. The experiments were designed for a mean velocity of approximately 0.45 m s −1 . For this flow speed, a sampling frequency greater than 32 Hz is required to resolve the spectral distribution of turbulence into the viscous subrange [9] . Velocity is thus sampled at 200 Hz. Analysis of several time histories confirms that 60 s duration is sufficient to determine mean values of velocity and turbulence intensity to within ±2% and cross correlation to within ±5%. Each velocity time history, therefore, comprises 12 000 samples. ADV signal quality is measured prior to each test, and indicates that the majority of samples (greater than 95%) have a signal-to-noise ratio greater than 15 dB, and a correlation coefficient greater than 75 per cent (definitions as in NORTEK [10] ).
(c) Ambient flow
Time-varying velocity was recorded at 720 coordinates (40 z-ordinates on each of 18 depth profiles at different y-ordinates) to understand the spatial variation of the mean flow velocity and turbulence intensity across the test area. The mean longitudinal flow velocity at cross sections of X = 6, 7.5 and 9 m is U 0 = 47 cm s −1 (figure 2). Turbulence intensity is defined relative to mean incident velocity U 0 as
Turbulence intensity is nearly constant across the water depth at each cross section. Average turbulence intensity is 10 per cent at X = 6 m, but reduces to 8 per cent (approx.) over a distance of 3 m (approx. 10D). As a consequence, the rate of momentum recovery may be expected to decrease with distance downstream. The resultant wake region may be longer than would be observed if the incident turbulence intensity were maintained. Rotors are installed within the central 2 m width of the flume. Over this region, the mean longitudinal velocity (U x ) varies by less than 3 cm s −1 , and the magnitude of longitudinal turbulence intensity (TI x ) varies by less than 2 per cent. Outside this region, slightly greater variation of mean velocity and turbulence intensity is observed. Both U x and TI x are marginally lower at the left-hand side of the flow (y < 3.5D) than the right-hand side (y > 3.5D). Approximately 2.5D either side of the centreline of the flume, small regions of reduced flow velocity are observed and correspond to regions of transverse circulation within the flow. The mean of the transverse components of flow velocity (U y and U z ) in these regions (not shown) are less than 0.05U 0 , so are not expected to influence rotor loading or wake recovery. Spanwise variation of axial velocity (U x ) is minimal, particularly across the area occupied by the rotors (figure 2), and so is neglected to obtain an averaged depth profile and mean mid-depth velocity of U 0 = 47 cm s −1 to which wake velocities are normalized.
(d) Rotor and dynamometer
All rotors employed are identical. Each rotor comprises three blades, formed from a Göettingen 804 foil with radial variation of chord length and twist angle. This foil section was chosen and the blade geometry designed such that the variation of thrust coefficient with tip-speed ratio, C T (TSR), is similar to a generic full-scale turbine, despite the moderate chord Reynolds number of these experiments (Re ≈ 30 000 at and predictions of power and thrust coefficients and the measured thrust coefficient curve are given by Whelan & Stallard [11] . Rotors are manufactured using a rapid prototyping method to ensure that the specified geometry is resolved. Each rotor is mounted on a 90 • bevel gear gearbox that is coupled, via a driveshaft, to a dynamometer mounted vertically above the waterline. The system was originally developed for experimental study of arrays of wave energy floats [12, 13] . The dynamometer serves two purposes: (i) at low speeds, an assisting torque is applied to compensate for mechanical friction in the system and (ii) when rotational speed exceeds a minimum operating speed, a constant retarding torque (τ gen ) is maintained to represent power extraction. Angular speed (ω) is defined as the rate of change of angular position (φ). Position is measured using an HEDS 9000 quadrature encoder reading an HEDM 6120 T12 code wheel. These codewheels provide 2000 counts per revolution, and so angular speed is obtained to within 0.1 per cent accuracy when sampled at 200 Hz. While speed is greater than a specified minimum (ω > 0.6 rad s −1 ), the control system applies an assisting current I A to produce a constant torque τ m = I A kT, where kT is a torque constant with a unique value for each motor. For all tests, torque is specified such that the rotor operates with an average TSR of 4.5 owing to an ambient flow of 0.45 m s −1 . Based on bladeelement analysis of the three-bladed rotor, an average thrust coefficient of C T = 0.80 is expected at this operating point [11] .
(e) Thrust measurement
The rotor and bevel gearbox are supported on a 15 mm outer-diameter tower that is strain gauged above the waterline, and mounted such that the hub height is at mid-depth. The rotor plane is located 50 mm forward of the centreline of the tower. The moment generated at the top of the support structure is measured by a full-bridge strain gauge. Strain gauge voltage is recorded via a National Instruments NCC-SG24 module. To calibrate, each tower is mounted horizontally, and fixed increment loads applied to the rotor axis to obtain a linear relationship between load and measured voltage. Because strain gauges are located above the waterline, the horizontal load measured is due to both horizontal thrust on the swept area of the rotor (F rotor ∼ 1 2 C T ρA D U 2 0 ) and drag distributed over the immersed length of the supporting shaft (F drag ∼ 1 2 C D ρBLU 2 for a shaft diameter B = 15 mm and immersed length L = 225 mm). The thrust coefficients reported herein are based on a rotor force calculated as: F rotor = F total − F tower . This approach assumes that tower load during operation is similar to the tower load owing to the incident flow alone. Although not exact, this is considered a reasonable approach because, for a mean flow speed of 0.5 m s −1 , rotor thrust is an order of magnitude larger than the drag on the supporting shaft (F rotor ∼ 7 N for C T = 1 and ∼ 6 N measured compared with F drag ∼ 0.42 N (C D = 1, U = 0.5 m s −1 ), and less than 0.3 N measured).
All time-varying parameters-angular position, applied torque, thrust and flow velocitiesare sampled at 200 Hz. Prior to each test, thrust is measured for each rotor in isolation. In all tests reported here, prior to array deployment, TSR = 4.7 ± 0.3 and C T = 0.87 ± 0.05. Thrust and angular speed were measured during each test, such that the modification of thrust owing to lateral blockage and to location within the wake of an upstream turbine can be quantified. Analysis of thrust variation between individual rotors located in the same array and between different array configurations will be reported in a separate study.
Wake structure
A summary of the effect of lateral spacing on wake recovery and horizontal and vertical profile is given for the single-row configurations listed in table 1. Downstream of each rotor, three components of velocity are measured at the following locations (see also figure 1 ):
-along the wake centreline, u(x) at min 12 x-ordinates; -vertical profiles, u(z), at min 2 x-ordinates; and -horizontal profiles, u(y), at min 2 x-ordinates, including x = 2D and 4D.
In the following, the wake velocity deficit is reported based on the measured velocity U x (z) relative to the ambient flow at the same z-ordinate, U 0 (z). For lateral traverses, U 0 = 0.47 cm s −1 corresponds to the velocity at mid-depth and hub height. Longitudinal turbulence intensity is obtained from equation (2.1). Data files containing the time-averaged velocity components and turbulence intensity for each of the coordinates reported in this study are available as electronic supplementary material.
(a) Wake recovery
The measured deficit of mean velocity along the centreline of the wake of a single rotor is found to be 80 per cent within the near wake of the rotor (1.5D downstream), but recovers to within 20 per cent of the incident flow by 10D downstream (figure 3a). Within this distance, normalized turbulence intensity is between 10 and 15 per cent, with the maximum occurring 3D downstream (figure 3b). Over the range 10-20D, further recovery of mean velocity is gradual, with a deficit of 8 per cent observed at 20D. When rotors are located at close lateral spacing, the rate of centreline velocity recovery remains similar. However, higher turbulence is observed at 3D downstream (18%) and, further downstream, the wake recovery rate differs between wakes (20-22% at 10D and 10-17% at 20D). The recovery rate is slightly slower for the central wake.
Porous disc studies at comparable C T [5] report a similar velocity deficit at 20D, but the rate of decay is different, 40 per cent at 4D and 15 per cent at 10D. Porous disc tests at higher blockage ratios based on swept area [6] observe recovery over a shorter distance (10% deficit 10D downstream). A deficit of 22 per cent has been measured 10D downstream of a three-bladed rotor operating at a slightly lower thrust coefficient (C T = 0.77) [5] . However, the deficit is larger closer to the turbine (43% deficit at 6D). For a rotor with a similar predicted thrust variation with TSR to the rotors used here (TSR = 5, C T not specified) [4] , the near-wake deficit was found to be lower (53% at 2D), but a similar recovery is observed further downstream (35% at 6D and 15% at 10D).
In part, these differences could be attributed to the presence of a tower wake [3] , but, because the tower has a small diameter and is close to the rotor plane, this wake is expected to be small relative to the rotor wake. Differences may also be due to the proximity of bounding surfaces; here, the depth is 1.67D compared with more than 2.5D in the single rotor studies.
(b) Lateral expansion
A section across the wake of a single rotor at mid-depth (U x (y), figure 4a) indicates that the lateral wake profile approaches a symmetric, approximately Gaussian, distribution at both 2D and 4D downstream. Consistent with figure 3 , the maximum velocity deficits at the centreline of the wake are 80 per cent and 50 per cent at 2D and 4D downstream, respectively. Over the same distance, the wake width expands from approximately 1.5 to 2D. Wakes from adjacent turbines at 1.5D spacing would, therefore, be expected to interact after 2D downstream. This is observed for two rotors at 1.5D spacing (figure 4b), for which the velocity deficit mid-distance between wakes is approximately 10 per cent, and turbulence intensity between the rotor centrelines is higher than outside of the rotor centrelines. This is due to overlap of the shear layers from adjacent wakes. The profile of each wake behind two rotors remains similar to that of an isolated rotor, but both wakes are slightly asymmetric. Maximum velocity deficit occurs at 0.1D outwards from the centreline of the rotor at y = +1.5D. Similar asymmetry is observed for the two outermost wakes downstream of a row of three rotors for which the maximum velocity deficit is observed 0.2D outwards from the centreline of the rotor (figure 4c). This is due to a lower velocity deficit in the region between wakes (i.e. 0.75 < |y/D| < 1.5) rather than a shift of the isolated wake profile. On the unconstrained side of the wake (|y| > 1.5D), the profile of velocity deficit is similar to that of an isolated rotor.
The wake of a centre turbine in a row of three represents a wake constrained by symmetric boundary conditions. This wake is narrower than either the outermost wakes or the wake of an isolated rotor. This can be attributed to a higher rate of velocity recovery owing to the elevated turbulence intensity in the region between rotor centrelines. By 4D downstream, the maximum velocity deficit near the centre of an isolated wake reduces to 45 per cent. The maximum deficit is a little lower, approximately 42 per cent, for both two rotors and three rotors. At this distance, the deficit between rotors is nearly 30 per cent, and turbulence intensity is higher in the shear layers between rotors than the outermost shear layers. The wake profile approaches that of an isolated rotor, as the separation between three rotors is increased (figure 4d). For 3D lateral spacing, each wake is very similar to the isolated wake of figure 4a. For 2D lateral spacing, the ambient flow is unchanged between the rotors by 2D downstream, although asymmetry of the outermost wake is observed and, by 4D downstream, the wakes begin to merge.
(c) Wake merging
Further downstream of the array of three rotors at 1.5D lateral spacing (figure 5), the wakes from individual rotors merge to form a single wake. At 6D downstream, individual wakes are still identifiable, but by 8D downstream, there is little variation of velocity deficit across the width between centres of the outermost rotors (|y| < 1.5D). Beyond 8D downstream, the velocity deficit is nearly constant over the width of the wakes (velocity deficit approx. 23% over |y| < 1.75D at 8D downstream). Turbulence intensity is also constant over the width of the wake by 8D downstream and only 1-2% greater than the ambient turbulence. Further downstream, velocity recovers to within 20 per cent of the ambient flow by 10-12D.
Over the 10D length of the wake shown, the outermost wake expands from 1D to 2D of the rotor centreline at y = 1.5D. For example, zero deficit occurs at y = 2.5D at x = 2D, but at y > 3.5D at x = 12D. Note that in the three-rotor study of figure 5b, the turbulence intensity is higher and the velocity deficit lower on one side of the flow (y > +3D) than the other (y < −3D). This discrepancy is not due to the wakes, but occurs due to the small difference, less than 2 cm s −1 , of 
(d) Depth profile
The vertical profile of an isolated rotor is asymmetric about the centreline with higher velocity above the centreline than below (figure 7). By 2D downstream, this causes the maximum deficit to occur approximately 0.1D below the centreline, but by 4D downstream, the wake is nearly symmetric. This vertical shift is consistent with observations of a single wake [3, 4, 6] . Acceleration of the flow above and below the wake is observed at the upper and lower limits of measurement range, |z| > 0.65D. For each of three rotors at 1.5D lateral spacing, the vertical profile of the wake is similar to that of an isolated rotor (figure 7), although the velocity deficit is lower, partly because the measurements are on the rotor centreline rather than the point of maximum deficit. Asymmetry is observed at 2D, although this is smaller than the asymmetry of the isolated wake, and the velocity deficit is less than zero at |z| > 0.7D, indicating that the flow velocity above and below the wake is greater than the ambient flow. At this section, turbulence intensity is higher in the upper half of the wake. Further downstream, the velocity deficit profile is close to symmetric and returns to a nearly constant deficit over |z| < 0.75D by 10-12D downstream. After 4D downstream, turbulence intensity approaches a linear depth decay, with less than 3 per cent variation over the z-ordinates measured. 
Ambient flow and waves
The foregoing wake studies are due to the incident flow detailed in §2c. Although these conditions are expected to be reasonably representative, flow fluctuations owing to both waves and large-scale turbulence occur at tidal stream sites [14] , and are expected to affect wake recovery [15] . The modification of rotor wakes owing to an irregular wave field with a measured peak frequency of 0.8 Hz (1.25 s) and a measured significant wave height of 50 mm has been studied. Applying Froude scaling, these conditions are equivalent to a peak period of approximately 10.5 s and a significant wave height of 3.5 m in water depth of 31.5 m. These waves have longer periods than conditions observed at the European Marine Energy Centre tidal site [16] , but are selected such that fluctuations are imposed over the water depth. Turbulent fluctuations can be separated from lower frequency wave-induced kinematics, but here turbulence intensity describes all fluctuations about the mean. Close to the surface, turbulence intensity is approximately 25 per cent, but this decays to a similar profile to the ambient flow below mid-depth.
The mean thrust on each rotor is similar without and with waves. However, rotor loading varies considerably (±25% approx.) owing to oscillation of the incident flow. Velocity deficit immediately downstream of the rotors is lower than for the wake of an isolated rotor, but the 10D (figure 8) . Turbulence intensity at mid-depth is also similar to that in the absence of waves at 2-3D downstream (approx. 18%), but remains above 12 per cent by 10D downstream. There are some differences of centreline deficit between each of the rotors, but this is partly due to the location of the wakes relative to the rotor centreline; the outermost wakes are asymmetric about the centreline with a lower velocity deficit in the region between the rotors (figure 9a). This corresponds to a turbulence intensity greater than 20 per cent in the regions where the centre and outer wakes meet. Velocity fluctuations near the surface are up to 30 per cent, but decay to around 12 per cent by the bed. This alters the profile of turbulence intensity compared with the case without waves. As a result, the velocity deficit is reduced compared with the case without waves, but the vertical profile is similar.
Summary
Experimental measurements are reported of the velocity field downstream of several line arrays of three-bladed horizontal axis rotors. The longitudinal, lateral and vertical profiles of both the mean velocity and the turbulence intensity of the wakes of a single turbine and a single row of two, three and five turbines are presented. These configurations include rotor wakes that are constrained by a lateral boundary on one side only (the outermost rotors), and wakes that are constrained by adjacent wakes at equal distances on both sides. This data provides improved understanding of the form of tidal turbine wakes owing to different lateral bounding conditions. Mean axial velocity reduces by 80 per cent 2D downstream of a single rotor and subsequently recovers to within 20 per cent of the ambient flow over a distance of 10D and to within 10 per cent by 20D. For lateral spacing of three rotor diameters between adjacent rotor centres, the wake of each rotor is very similar to that of an isolated rotor. For lateral spacing of 2D or less, adjacent wakes begin to merge within 2D downstream of the rotor plane and merge within 4D downstream. The outermost wakes appear to be slighty asymmetric and centre wakes are narrower owing to increased turbulence, hence, there is faster wake recovery in the region between wakes. Over the interval 2-10D, the width of the wake (within 95% of the ambient flow velocity) expands from 1.0 to 2.0D (approx.) measured from the centreline of the outermost rotor. Lateral profiles at distances greater than 6D indicate a nearly constant velocity deficit and little variation of turbulence intensity between the centres of the outermost rotors of the array for rows of two, three and five rotors.
To understand the effect of wave forcing on wake recovery, irregular waves are generated opposing the direction of current to increase velocity fluctuations in the ambient flow. Although waves more than double the magnitude of velocity fluctuations in the upper half of the wake, the lateral and vertical profile are not substantially altered. Immediately downstream of the rotors the velocity deficit is reduced, but the centreline velocity more than 10D downstream is similar to the flow-only case for two of the three wakes studied.
